Introduction
Early and later deterioration of reinforced concrete structures not only causes increases in the maintenance cost for repair and retrofitting but also has an impact on the global and local environments by waste discharge due to the renewal/demolition of such structures. Such deterioration appears in various forms but is basically a decrease in the durability of reinforced concrete structures by the corrosion of reinforcing bars. Many studies have been conducted to solve this problem, but most have concentrated on the improvement of concrete quality, such as increases in concrete cover thickness, optimization of the water-cement ratio, or the addition of corrosion-inhibiting materials. [1] [2] [3] However, improvement in corrosion resistance by quality improvement of concrete is applicable only to lightly corrosive environments. Excessively large cover depths and limitations on the water-cement ratio are required in highly corrosive environments. Simple improvement in concrete is not sufficient or realistic for improving the corrosion resistance of reinforced concrete structures, as a long service life of over 100 years is expected of them in the near future. 4, 5) A solution to this problem consisting of improvement in the quality of reinforcing steel can also be applicable to the cases where a higher level of corrosion inhibition is required, such as when quality improvement of concrete is insufficient for preventing corrosion. Nevertheless, this solution is not generally adopted because of the high cost incurred for adding expensive alloy elements and including processes that would be unnecessary for producing normal steel. 6) In view of the ever-increasing maintenance cost for reinforced concrete structures, however, it is worthwhile to investigate corrosion-resistant rebars that eventually reduce the lifecycle cost. 7) With this as a background, the authors have been investigating the corrosion resistance of rebars having lower alloying elements, such as chromium, nickel, and molybdenum, than general stainless steel to be producible by processes similar to those of normal steel. [8] [9] [10] Such low-cost stainless steel rebars with lower Cr and Ni contents (hereafter referred to as Cr-bearing rebars) will reduce the excessive concrete cover thickness and relax the strict regulation on the water-cement ratio, while extending the service life of reinforced concrete structures in corrosive environments.
This study intends to grasp the electrochemical behavior of Cr-bearing rebars in various corrosive environments and calculate their composition to impart the required corrosion resistance for each environment with the aim of developing Cr-bearing rebars having the corrosion resistance required for the environments in which reinforced concrete structures are to be placed. To this end, the polarization resistance and corrosion potential of Cr-bearing rebars were measured in mortars simulating corrosive environments by inducing chloride attack, carbonation, and combined deterioration (chloride attack plus carbonation), which are major deterioration factors threatening reinforced concrete struc-
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As a result, the corrosion resistance of Cr-bearing rebars was found to increase as their Cr content increases in all corrosive environments, and the excellent corrosion resistance of Cr-bearing rebars with Cr contents of 5 % or more and 7 % or more was confirmed in uncarbonated and carbonated environments, respectively, with a chloride ion content of 1.2 kg/m tures. The polarization resistance and corrosion potential were then formulated using the Cr content, chloride ion content, and occurrence of carbonation as parameters. The validity of the resulting regression equations was investigated, with an adequate Cr content for corrosion inhibition being calculated based on the equations for each corrosive environment.
Outline of Experiment
Mortar specimens simulating three corrosive environments were fabricated. These included specimens for chloride attack (uncarbonated specimens with chloride ion contents ranging from 0 to 24 kg/m 3 ), specimens for carbonation (carbonated specimens with no chloride ions), and specimens for combined deterioration of chloride attack and carbonation (carbonated specimens with chloride ion contents ranging from 0.6 to 12 kg/m 3 ). Nine levels of reinforcing bars were prepared: seven types of Cr-bearing rebars made by adding different alloy element contents (Cr, Ni, etc.) to standard products of SD 345 conforming to JIS G 3112 (Steel bars for concrete reinforcement) and two types of SUS 304 stainless steel rebars. Note that the rebars were round bars with their oxide coating being removed before use. After placing a rebar in the center, each specimen was fabricated by placing mortar with a water-cementriver sand ratio of 0.6 : 1 : 2.8. All specimens were sealcured until an age of 7 d. Chloride attack specimens were then air-cured for 7 d in a thermo-hygrostatic room (20Ϯ3°C and 50Ϯ5%) and subjected to corrosion-accelerating testing thereafter under temperature and relative humidity conditions of 60°C and 95 %, respectively. Carbonation and combined deterioration specimens were subjected to preliminary curing for 1 month in a thermo-hygrostatic room (20Ϯ3°C and 50Ϯ5%) and then to carbonation-accelerating test for sufficient carbonation to the backside of rebars, followed by corrosion-accelerating testing at 60°C and 95 % RH. The temperature of specimens at the bar level was adjusted to 60, 40, and 20°C by controlling the temperature of the thermo-hygrostatic room, and the polarization resistance of rebars was measured under each temperature condition. The corrosion potential of each rebar was also measured in the thermo-hygrostatic room set at 20Ϯ3°C and 50Ϯ5%. The corrosion area and weight loss were also measured after 40 cycles of corrosion-accelerating testing. Figure 1 shows the details of test specimen. Table 1 gives the materials used. Table 2 gives the factors and levels of experiment. The basic composition of steel for reinforcement is given in Table 3 .
Test Procedures

Temperature Changes within Mortar Specimens
Following Outside Temperature The authors focused on the fact that the corrosion rate of steel reinforcement is strongly affected by its temperature and took up temperature as a parameter for formulating the polarization resistance, which is the inverse of the corrosion rate. It is assumed that the temperature of specimens at the rebar level follows and eventually equals the outside temperature after a certain period. Of course this assumption holds on the premise that the outside temperature is constant to a certain extent, while the temperature changes within specimens are expected to vary depending on the cover depth. It is therefore desirable for accurately measuring the corrosion rate of steel at a specific temperature to grasp the temperature changes at the depth of steel reinforcement and measure the polarization resistance after the corrosion reaction of the steel has stabilized at the temperature. To this end, it is necessary first to grasp the temperature changes at the depth of steel reinforcement that follow the outside temperature. In this study, two specimens were fabricated by embedding two thermocouples in each specimen, one in the upper part and the other in the lower part, under a cover depth of 20 mm to grasp the temperature changes at the bar level as shown in Fig. 2 , and adhering thermal insulators to both ends to prevent heat transfer through the ends. These specimens were subjected to high temperature/high humidity and low temperature/low humidity cycles, each consisting of 60°C and 95 % RH for 1 d and 30°C and 50 % for 1 d, in a thermo-hygrostatic room to measure the concrete temperature under a cover depth of 20 mm that follows the changes in the outside temperature. The temperature reading was taken every minute using an automatic measuring system comprising a data logger and personal computer.
Polarization Resistance
After 40 cycles of corrosion-accelerating testing, the polarization resistance of Cr-bearing rebars was measured by electrochemical impedance spectroscopy using a polarization resistance monitor with double counter electrodes designed to inhibit current dispersion. Figure 3 shows the apparatus for measuring the polarization resistance used in the present study. As shown in this figure, the polarization resistance measurement apparatus used in this paper is of a "fourth electrode" type whereby the reinforcement in concrete is simultaneously polarized from the two counter electrodes (double counter electrode sensor having a central counter electrode, CCE, and a guard-ring counter electrode, GCE) and only the current through the central counter electrode is measured to limit the measured area.
The sensor consists of a silver-silver chloride reference electrode (RE) with a concentration of 3.3 mol/l and two concentric disk counter electrodes made of stainless steel (CCE and GCE). The inside and outside diameters of CCE are 0.8 and 4.0 cm, respectively, and those of GCE are 4.5 and 10.6 cm, respectively.
This apparatus measures the corrosion potential of rebars in specimens and applies an AC voltage via the counter electrodes. The applied voltage is changed between potentials 10 mV below and above the equilibrium corrosion potential, with the response current and phase difference being measured, while the frequency is changed between 10 Hz and 0.1 mHz. It then displays a Nyquist plot based on the phase difference and the absolute values of impedance, which is the amplitude ratio of voltage to current. The diameter of the plotted semicircle is regarded as the apparent polarization resistance. Also, this is multiplied by the surface area of the upper half of the 4-cm zone of the bar immediately below the central counter electrode of the double electrode to give the polarization resistance per unit area. 11, 12) In order to precisely measure the polarization resistance of Cr-bearing rebars under the specified temperature conditions, each specimen was placed in a special form for measuring the polarization resistance immediately after being removed from the thermo-hygrostatic chamber to retain its temperature while measuring. The polarization resistance was measured at three temperature levels: 60, 40, and 20°C. The first polarization resistance measurement was made at the end of 40 cycles of corrosion-accelerating testing at 60°C and 95 % RH, and the result was regarded as the polarization resistance at 60°C. The specimens were then cured in the thermo-hygrostatic chamber at 40°C and 95 % RH for 2 d for measurement at 40°C. The test temperature was then lowered again to 20°C while retaining the relative humidity at 95 % for 2 d to measure the value at 20°C. These results were regarded as the polarization resistance at 40 and 20°C. The reason for maintaining the temperature for 2 d is because the test results under Sec. 3.1 revealed that the temperature at the rebar level under a cover depth of 20 cm is judged as having been equalized with the outside temperature and the corrosion reaction under the temperature condition is judged as being stable 2 d after changing the outside temperature. Figure 4 shows the polarization resistance measurement setup.
Also, the average corrosion rate to the end of 40 cycles of corrosion-accelerating testing was determined from the polarization resistance by Faraday's second law. Equation (1) where G is corrosion loss (g/cm 2 ), V corr is rate of corrosion (g/cm 2 /s), M is atomic weight of Fe (ϭ55.8), K is conversion coefficient (ϭ0.033 V), F is Faraday number (ϭ96 500, C/mol), R p is polarization resistance (W ·cm 2 ).
Conversion Coefficient (K)
The conversion coefficient, K, is a constant that varies depending on the metal type and environmental conditions. In concrete, where reinforcement is prone to be passivated in the alkaline environment, the corrosion mechanism is more complicated than in aqueous solutions. It is therefore inappropriate to apply a K value calculated from the Tafel constant of the anode-cathode reaction determined from the polarization curve of steel in aqueous solutions. According to Andrade et al., 13) in reinforcement corroded by carbonation, Kϭ0.026 V and 0.052 V under activated and passivated corrosion conditions, respectively. Also, Yokota et al., 14) Tsuru et al., 15) and Kobayashi et al., 16) reported K to be 0.033 V, 0.0209 V, and 0.0296 V, respectively. In the present study, in which the corrosion rate of Cr-bearing rebars was to be determined based on polarization resistance, it was necessary to define the proportionality constant K. The values of K for various materials in the literature roughly fall in the range of 0.02 to 0.03 V, being similar in similar corrosion environments, independently of steel types. A value of 0.033 V proposed by Yokota et al. was therefore adopted in this study on the assumption that the K value for Cr-bearing rebars in concrete is equivalent to that for carbon steel. In their study, Yokota et al. determined average K values from the relationship between the corrosion current density and the corrosion loss of steel in concrete in various corrosive environments.
Corrosion Potential
The corrosion potential was measured on the surface of each specimen in a thermo-hygrostatic chamber at 20Ϯ3°C and 50Ϯ5% using a saturated copper-copper sulfate electrode (CSE) as the reference electrode. Note that the specimens were immersed in water for 24 h until measurement to adjust their moisture state.
Corrosion Area and Weight Loss
At the end of 40 cycles of corrosion-accelerating testing, specimens were cleft to recover rebars for measuring the corrosion area and weight loss. The corrosion area was determined by tracing the contours of rust on a transparent sheet, blacking out the rust areas, and calculating the corrosion area using software for automatic area measurement. The weight loss was measured in accordance with Japan Concrete Institute Standard (JCI-SCI) "Corrosion evaluation method of steel materials in concrete." 17) Rust was removed from the bars by immersing SD345, 0Cr, and 5Cr bars in a 10 % diammonium citrate solution, whereas a 15 % nitric acid solution was used for bars with a Cr content exceeding 5 %. The masses of the bars were measured to 0.01 g with an electronic balance.
Results and Discussion
Temperature Changes within Mortar Specimens
Following Outside Temperature Figure 5 shows the temperature changes within mortar following the changes in the outside temperature. The values are the averages of temperatures measured by two thermocouples embedded in each specimen at a depth of 20 mm. This figure reveals that the temperature within mortar is highly sensitive to outside temperatures, equalizing with them in a short time. Specifically, the internal temperature reached 60°C within 1 h after the outside temperature was raised from 30 to 60°C. When the outside temperature was lowered from 60 to 30°C, it took more time for the internal temperature to catch up, reaching the same level after approximately 3 h. Accordingly, the temperature of mortar under a cover depth of 20 mm is equalized with the outside temperature in a short time. The polarization resistance of Cr-bearing rebars measured 2 d after a change in the outside temperature can therefore be regarded as that of Cr-bearing rebars under the temperature condition specified for the outside temperature. Figure 6 shows the effect of Cr content on the inverse number of polarization resistance, R p , for each chloride ion content. Since the inverse number of polarization resistance is proportional to the corrosion rate, the corrosion rate can be relatively compared by measuring the impedance under the same conditions. This figure reveals that the inverse of polarization resistance decreases as the Cr content increases at the same temperature and with the same chloride ion content, whether or not the concrete is carbonated. When the Cr content is the same, the corrosion rate tends to increase as the chloride ion content increases and as the temperature increases. These tendencies are more significant with a lower Cr content. When the chloride ion content is the same, the corrosion rate is higher in carbonated specimens than in uncarbonated specimens. This is because the corrosion rate is accelerated more by combined deterioration of chloride attack and carbonation than by simple chloride attack. On the other hand, the inverse numbers of measured polarization resistances of Cr-bearing steels with Cr contents of 5 % or more and 7 % or more were very low in uncarbonated and carbonated environments, respectively, where the chloride ion content was 1.2 kg/m 3 , the known lower threshold of embedded carbon steel corrosion in uncarbonated concrete (pHԼ12.5). Cr-bearing steels with a Cr content of 13 % or more showed particularly low inverse numbers of polarization resistances at nearly zero even in combined deterioration environments at 60°C. These are therefore expected to be highly corrosion resistant even in severely corrosive environments.
Polarization Resistance
Multiple regression analysis was also conducted in this study to formulate the polarization resistance based on its measurements. The measured polarization resistance was subjected to multiple regression analysis using the Cr content, chloride ion content at the rebar level, temperature, and carbonation as the explanatory variables to estimate the effects of individual factors and their interactions. Table 4 gives the explanatory and objective variables of the multiple regression analysis. In this analysis, F-tests using the variance ratio (F) were adopted to select the explanatory variables. A variance ratio (F) is a parameter for judging if the addition of a variable is statistically significant based on the ratio of a reduction in the residual sum of the squares of measured and estimated values resulting from the addition. Variables leading to F values of not less than 2 are generally selected. Accordingly, not only the original explanatory variables but also their logarithms and products were examined in this study to adopt for the regression equation if their F values are not less than 2. Equation (2) is the regression equation for the polarization resistance of Cr-bearing rebars in various corrosive environments. It is expressed as the sum of a constant term and terms of explanatory variables multiplied by their corresponding constants. The multiple correlation coefficient and standard error of this analysis were 0.95 and 0.56, respectively. The scope of this equation ranges from 0 to 16 % in terms of the Cr content. A Cr content of 0 % refers to SD345. pH values of 12.5 and 8.5 refer to chloride ion content ranges of 0 to 24 kg/m 3 and 0 to 12 kg/m 3 , respectively. Note that the pH values of carbonated and uncarbonated mortars were assumed to be 8.5 and 12.5, respectively. In other words, the changes in the chloride ion content for the pH value of 12.5 refer to deterioration induced by chloride attack, whereas their changes for the pH value of 8.5 refer to combined deterioration caused by both chloride attack and carbonation. The potential values for a chloride ion content of zero with pH values of 12.5 and 8.5 indicate the polarization resistances of sound and carbonated mortars, respectively. Figure 7 shows the relationship between the measured polarization resistance and the values determined by the present regression equation. The polarization resistance determined by the equation can be regarded as having significant correlation with the measured values. Equation (2) therefore allows estimation of the polarization resistance of Cr-bearing rebars in concrete under various corrosive conditions including chloride attack, carbonation, and combined deterioration, thereby providing useful data for evaluating the durability of concrete structures reinforced with Cr-bearing rebars. where R p is polarization resistance (kW·cm 2 ); Cr is Cr content of rebars (%); Cl Ϫ is chloride ion content at rebar level (kg/m 3 ); T is temperature at rebar level (°C); and pH is pH value at rebar level (ϭ12.5 in uncarbonated concrete and 8.5 in carbonated concrete). Figure 8 shows the effect of Cr content on the corrosion potential at each level of chloride ion content. The corrosion potential tends to become less negative as the Cr content increases at all chloride content levels. When compared between rebars having the same Cr content, the corrosion potential becomes more negative as the chloride ion content increases.
Corrosion Potential
The corrosion potential of Cr-bearing rebars was also formulated in this section, as shown in Eq. (3), using the Cr content, chloride ion content at the rebar level, and carbonation as variables, based on multiple regression analysis of the measurement results in each type of corrosive environment. The method of deriving this equation and its scope of application are similar to those for the above-mentioned regression equation for polarization resistance. Figure 9 shows the relationship between the measured corrosion potential and the values determined by the present regression equation, which indicates significant correlation between them. The corrosion potential of Cr-bearing rebars in various corrosive environments including chloride attack, carbonation, and combined attack can therefore be estimated using this equation.
Eϭ0.021Crϩ0.182 ln(1ϩCl
where E is corrosion potential (V vs. CSE); Cr is Cr content of Cr-bearing rebars (%); Cl Ϫ is chloride ion content at rebar level (kg/m 3 ); and pH is pH value at rebar level (ϭ12.5 in uncarbonated concrete and 8.5 in carbonated concrete). Figure 10 shows the corrosion area of rebars. This figure reveals that the corrosion area of rebars with the same chloride ion content decreases as the Cr content increases whether or not the concrete is carbonated. When compared between rebars having the same Cr content, the corrosion area tends to increase as the chloride ion content increases. These tendencies are particularly significant with rebars having low Cr contents subjected to chloride attack. The measured corrosion area on rebars with a Cr content of 7 % or more was marginal regardless of carbonation and the chloride ion content. Figure 11 shows the state of reinforcement corrosion in carbonated concrete with a chloride ion content of 1.2 kg/m 3 . Whereas total corrosion is observed on SD345 with no Cr, little corrosion is found on rebars with a Cr content of 7 % or more. Figure 12 shows the relationship between the test values and calculated values of the average corrosion rate. Note that the test values refer to the corrosion rate on actual rebars chipped out of concrete, whereas the calculated values refer to those based on both Eq. (2), the regression equation for polarization resistance, and Eq. (1), Faraday's second law. This figure reveals that the corrosion rate decreases as the Cr content increases whether or not the concrete is carbonated. When compared between rebars having the same Cr content, the corrosion rate tends to increase as the chloride ion content increases. Note that the corrosion rate in carbonated concrete is higher than that in uncarbonated concrete with the same chloride ion content, because combined deterioration of chloride attack and carbonation accelerates the corrosion rate when compared with simple deterioration by chloride attack. Figure 12 also shows that the calculated average corrosion rate tends to be slightly lower than the test values, but such discrepancies decrease as the Cr content increases. The measured and tested average corrosion rates nearly agree when the Cr content is 7 % or more.
Corrosion Area and Average Corrosion Rate
Effects of Temperature on Steel Corrosion Rate
Possible effects of temperature on the corrosion rate include not only changes in the electrical resistance but also changes in the corrosion rate itself, oxygen diffusion rate, and oxygen solubility in pore solutions. Changes in the corrosion rate due to temperature changes are therefore brought about by complicated correlations among these factors. On the other hand, Arrhenius equation rationally explains that the logarithm of a reaction rate in normal chemical reaction, ln V, is expressed as a linear function of the inverse number of the absolute temperature, 1/T. This is expressed as Eqs. (4) where V is reaction rate (the unit depends on the chemical reaction equation); a is proportionality constant; DE is activation energy (J/mol); R is gas constant (ϭ8.314, J/k · mol); T is absolute temperature (K); and C is content term of reactant (the unit depends on the chemical reaction equation).
........ (5) where A is DE/R; B is ln a · C.
The corrosion rate of steel reinforcement in concrete is also sensitive to temperature changes. Ohtsuki et al. 21) confirmed that the corrosion rate of steel reinforcement in carbonated concrete increased as the temperature increased regardless of the water-cement ratio of concrete. A temperature rise of 10°C was found to nearly double the corrosion rate. According to T. Liu et al., 22) a temperature rise from 20 to 40°C nearly doubled the corrosion current density.
It is therefore inferred that the corrosion rate of steel reinforcement in concrete tends to increase as the temperature rises similarly to chemical reactions in general. Figure 13 shows the relationship between the corrosion rate and temperature of steel rebars determined based on the polarization resistance regression equation (Eq. (2)) with a chloride ion content of 2.4 kg/m 3 . This figure reveals that the corrosion rate increases as the temperature rises regardless of the steel type. The corrosion rate is found to increase by approximately 1.5 times for each temperature rise of 10°C. This increase nearly agrees with past data, 17, 18) though slightly greater. Figure 14 shows the relationship between the logarithm of the corrosion rate and the inverse number of the absolute temperature. This figure reveals that the logarithm of the corrosion rate, ln V corr , is a linear function of the inverse number of the absolute temperature, 1/T, experimentally proving that their relationship in mortar is a linear function. According to Fig. 14 , the slope, A, of Eq. (5) is 3 600. Figure 15 shows the Cr content for corrosion resistance at 30°C for each Cl Ϫ content. While Fig. 15 provides guidelines for corrosion resistance based on the onset of corro- sion, other guidelines should be investigated based on the corrosion rate from the standpoint of service life. In view of the fact that a material is safe unless corrosion occurs, however, a judgment on the safe side is possible for the Cr content for corrosion resistance for each Cl Ϫ content. In this study, the authors judged that a corrosion current density of not more than 0.2 mA/cm 2 represents the state of passive film with no corrosion. The steady current after such passivation is referred to as passive current. According to the literature, a corrosion current density of not more than 0.2 mA/cm 2 is adopted in most cases as that in a passive state. [23] [24] [25] It should also be noted that rebars with a polarization resistance of not less than 130 kW·cm 2 , which corresponds to 0.2 mA/cm 2 , showed no corrosion in the present tests.
Corrosion-resistant Cr Contents in Corrosive Environments
Accordingly, a Cr content leading to a corrosion current density of not more than 0.2 mA/cm 2 calculated based on Eq. (2) (a polarization resistance of not less than 130 kW·cm 2 ) for a corrosive environment is judged as being corrosion resistant in this study. According to Fig. 15 , rebars with Cr contents of 3.3 % or more and 7.0 % or more are expected to be corrosion-resistant in uncarbonated and carbonated environments, respectively, with a chloride ion content of 1.2 kg/m 3 . These correspond to 5Cr and 7Cr bars, respectively, in this study.
Conclusions
The corrosion resistance of Cr-bearing steel rebars in mortar simulating corrosive environments involving chloride attack, carbonation, and combined deterioration was investigated with the aim of developing Cr-bearing rebars having the required corrosion resistance to corrosive environments where reinforced concrete structures are to be constructed. The results revealed the following:
(1) The corrosion resistance of steel in mortar simulating corrosive environments involving chloride attack, carbonation, and combined deterioration increased as the Cr content of steel increased.
(2) The corrosion rate increased as the temperature increased regardless of the Cr content, being approximately 1.5 times greater for each temperature rise of 10°C.
(3) The polarization resistance and corrosion potential of Cr-bearing rebars were formulated, enabling designers to estimate these values of Cr-bearing rebars in concrete under chloride attack, carbonation, and combined deterioration.
(4) The Cr contents required for Cr-bearing rebars to be corrosion-resistant in uncarbonated and carbonated environments are not less than 5 % and not less than 7 %, respectively, with a chloride ion content of 1.2 kg/m 3 .
